Natural killer (NK) cells provide an early defense line against viral infections by killing infected cells and producing cytokines that inhibit viral replication. In addition, NK cells interact with dendritic cells (DCs) and this reciprocal interaction results in regulation of both innate and adaptive immune responses. Genetic studies have suggested that NK cell activity is an important determinant of HCV infectious outcome but a functional correlation was not established. We hypothesized that increased NK cell activity during acute HCV infection will correlate with spontaneous resolution. We used multiparametric flow cytometry to monitor longitudinally the phenotype and activity of NK cells in a cohort of intravenous drug users following HCV exposure. Three groups of patients were identified: acute infection with chronic evolution (n=10); acute infection followed by spontaneous resolution (n=10); and exposed un-infected individuals (n=10). We monitored the expression of several NK cell activating and inhibitory receptors as well as IFN-γ production and degranulation (CD107a). We observed decreased 
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Natural killer (NK) cells provide an early defense line against viral infections by killing infected cells and producing cytokines that inhibit viral replication. In addition, NK cells interact with dendritic cells (DCs) and this reciprocal interaction results in regulation of both innate and adaptive immune responses. Genetic studies have suggested that NK cell activity is an important determinant of HCV infectious outcome but a functional correlation was not established. We hypothesized that increased NK cell activity during acute HCV infection will correlate with spontaneous resolution. We used multiparametric flow cytometry to monitor longitudinally the phenotype and activity of NK cells in a cohort of intravenous drug users following HCV exposure. Three groups of patients were identified: acute infection with chronic evolution (n=10); acute infection followed by spontaneous resolution (n=10); and exposed un-infected individuals (n=10). We monitored the expression of several NK cell activating and inhibitory receptors as well as IFN-γ production and degranulation (CD107a). We observed decreased expression of the inhibitory NKG2A receptor on NK cells following spontaneous HCV clearance. In addition, we've observed increased NK cell degranulation during acute HCV irrespective of infectious outcome. NK cell degranulation correlated with the magnitude of
Introduction
The majority of individuals exposed to hepatitis C virus (HCV) develop persistent infection and chronic liver disease (1) . Acute HCV is characterized by a significant delay in the onset of adaptive T cell responses despite active viral replication. This suggests a failure of innate immunity to contain viral replication and provide the necessary signals to prime efficient adaptive immunity critical to spontaneous viral clearance (2, 3) . Natural killer (NK) influence their function (12) . Second, genes encoding the inhibitory NK cell receptor killer-cell immunoglobulin like receptor (KIR)2DL3 and its human leukocyte antigen C group 1 (HLA-C1)
ligand directly influence resolution of HCV infection in individuals homozygous for these genes (13, 14) . These observations suggest that inhibition of NK function during the early phase of HCV may contribute to viral persistence.
Several groups have studied NK cells during the chronic phase of HCV infection but the results were conflicting regarding NK cell frequency, cytotoxicity, cytokine production and receptor expression (5, (15) (16) (17) (18) (19) . This probably reflects the complexity of activation and inhibitory signals that control NK cells. Only one study has compared NK cell function in chronic HCV patients with spontaneous resolvers from a single source outbreak (15). They demonstrated that the frequency of the CD56 dim NK cell subset was decreased in individuals with chronic HCV and that NK cells expressed higher frequency of the NKG2A/C/E receptors (15) but the activity of NK cells during acute HCV, where their role would be most prominent, and its correlation with infectious outcome was not studied.
In this study, we used multiparametric flow cytometry to monitor longitudinally the phenotypic and functional changes in NK cells from a unique cohort of intravenous drug users (IDUs) at high risk of HCV infection before and during acute HCV infections that progressed to spontaneous resolution or viral persistence. We demonstrate that NK cell degranulation and IFN-γ production are increased during acute HCV regardless of infection outcome. We also observed a decline in NKG2A expression on NK cells following spontaneous viral clearance.
Finally, we show that NK cell degranulation correlates with the magnitude of the HCV-specific T cell response suggesting an indirect role for NK cells in priming adaptive immune responses.
Material and Methods
Study subjects and clinical follow-up. HCV acutely infected subjects were recruited among high-risk IDUs participating in the Montreal Acute HepC cohort study (HEPCO) (20) Baseline was defined as time before HCV infection or reported needle sharing for exposed uninfected (range: -3 to -27 weeks; mean -15 weeks). Samples were available for 7 chronic patients, 4 spontaneous resolvers and 5 exposed un-infected. Acute HCV was defined as 0-14 weeks (mean 4 weeks) PDV or needle sharing for exposed un-infected. Samples were available for all patients except 2 exposed un-infected. When more than one time point was studied during the acute phase, the time point with the highest CD107a frequency was chosen. This is because CD107a up-regulation in response to stimulation was the most consistent activation marker for all patients studied. The follow-up time point was defined as 19-65 weeks (mean 41 weeks) PDV or needle sharing for exposed un-infected. Samples were available for all patients except for one chronic patient and two spontaneous resolvers that were lost to follow-up. (1:1000) in PBS/0.5% BSA for 1 hour at room temperature. Spots were developed using Alkaline Phosphatase conjugate substrate kit (Bio-Rad Laboratories) for 5 minutes and stopped using tap water. Spots were counted using an Immunospot Analyzer Instrument (Cellular 
Results
Acute HCV infection is associated with increased NK cell degranulation and IFN-γ production. Ten patients with acute HCV followed by chronic evolution (chronics), ten patients with acute resolving HCV, and ten exposed un-infected were identified among IDUs at high risk for HCV infection as described in Materials and Methods. Patients' demographics and characteristics are listed in Table 1 . We monitored longitudinally the frequency of the different NK cell subsets in these patients. NK cell gating strategy by flow cytometry is shown in Figure   1A . ) by both NK cell subsets was also increased during the acute phase in patients with chronic evolution only. However, the frequency of these cells remained significantly lower in chronics and spontanous resolvers at all time points compared to healthy donors ( Figures 3A and   3B ). The exposed uninfected group exhibited an intermediate level of IFN-γ production suggesting that opioid usage may have an influence on production of cytokines by NK cells.
Increased frequency of IFN-γ producing cells was not only observed for the mean of the group but also for the majority of patients with HCV chronic evolution ( Figures 3C and 3D) . (13, 14) . This suggested that NK cells expressing KIR2DL3 are more easily activated because of the weak affinity between this inhibitory receptor and its ligand (24) . In order to test this hypothesis, we have performed KIR and HLA-C typing in 9 patients with chronic evolution, 9 with spontaneous resolution and 10 exposed un-infected. However, given the limited number of patients homozygous for both the KIR2DL3 and HLA-C1 loci we could not correlate NK cell activity with this protective KIR/HLA-C haplotype (data not shown).
Discussion
We We demonstrate that NK cell degranulation is increased during acute HCV compared to baseline or follow-up irrespective of acute HCV outcome towards chronic evolution or spontaneous resolution. We observe an increase in IFN-γ production by NK cells during acute HCV in the group with chronic evolution only but not in the others. However, we observe that NK cells from all HCV infected individuals degranulated more but produced less IFN-γ as compared to healthy donors and exposed uninfected. These results demonstrate that NK cells are activated during acute HCV infection but suggest a dichotomy or dissociation between NK cell degranulation and cytokine production functions. Indeed, recent studies have demonstrated that NK cells in chronic HCV patients are polarized towards cytotoxicity (31, 32) and that this polarization is likely due to in vivo stimulation by IFN-α.
Reduced NK cell IFN-γ production in HCV-infected patients could be explained by two mechanisms. First, HCV surface glycoprotein E2 was shown to bind to CD81 on the surface of NK cells and inhibit cytotoxicity and IFN-γ production (10, 11) . Although an interesting possibility, it would not explain the low IFN-γ production during baseline, and another study by We demonstrate normal expression of the inhibitory receptor NKG2A in HCV chronic patients.
This is in contrast with other studies that demonstrated that NKG2A is upregulated on NK cells during chronic HCV (5, 17) and that it correlates with increased necro-inflammatory score in the liver (35) and increased IL-10 production by NK cells (36) . It is possible that this is only a question of timing and is related to the development of chronic liver disease as most of the patients in our cohort were followed for less than a year and had not developed any serious liver disease or inflammation as compared to more than 20 years of chronic infection in other studies Alternatively, it was demonstrated that HCV infected hepatocytes express enhanced levels of
HLA-E and that the HLA-A2 restricted epitope HCV core AA (35-44) stabilizes HLA-E expression (17) . Since NKG2A binds to HLA-E, enhanced expression of NKG2A by NK cells from chronic HCV patients resulted in reduced cytolysis of HLA-E expressing hepatocytes (17) .
Reduced expression of NKG2A by spontaneous resolvers in our study could be a mechanism for these patients to escape cytotoxic impairment induced by HLA-E expressing infected
hepatocytes.
We further demonstrate that NK cell degranulation and IFN-γ production correlate with the expression of several NK cell activating and inhibitory receptors. Despite the multiple correlations established, NK cell degranulation or IFN-γ production did not preferentially correlate with a particular subset of activating or inhibitory receptors. Interestingly, some receptors positively correlated with IFN-γ production but negatively correlated with degranulation. These results further underscore the dichotomy between NK cell degranulation and IFN-γ production and highlight the complex activating and inhibitory receptors that dictate NK cell activity.
We demonstrate that NK cell degranulation, a surrogate measure of cytotoxicity (23) We observed a trend towards negative correlation between NK cell IFN-γ production and the magnitude of the HCV-specific T cell response but this correlation did not reach statistical significance. This was a surprising result as IFN-γ is important for inducing the maturation of DCs. However, it was shown that production of TNF-α by NK cells was more potent than IFN-γ at inducing DC maturation (7) . Correlation between production of TNF-α by NK cells and magnitude of HCV-specific T cell responses will need further investigation.
It was reported that genes encoding the inhibitory NK cell receptor KIR2DL3 and its HLA-C1
ligand directly influence resolution of HCV infection in individuals homozygous for these genes (13) . Because of the limited number of patients homozygous for KIR2DL3 and HLA-C1, it was impossible to establish a statistically significant correlation between these genes and increased NK cell activity. In addition, the heterogeneous population studied, composed of HCV-infected patients with chronic evolution or spontaneous resolution, and exposed un-infected, may have also influenced our results. Studying NK cell activity in a much larger and homogenous group of HCV infected individuals will be essential to elucidate this point in future studies.
In conclusion, we propose that NK cells are activated during acute HCV regardless of infection outcome. This suggests that NK cell activity might not be directly implicated in HCV clearance. 
